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Abstract 
Robotic machining is emerging as a viable alternative for some conventional machining tasks. Nevertheless, a challenge to cutting performance 
remains: vibrational instability is reported to be more severe with robotic cutting due to robot compliance. In this paper, the regenerative 
vibrational instability of a robotic grinding operation is studied. The objective is to find the limit of stable operation when material removal is 
performed by a compliant robot. The traditional approach to regenerative chatter analysis is revisited for a robotic machining process developed 
at Hydro-Québec’s research institute for tasks on hydropower equipment. Stability lobes are established with respect to system gain (ratio of 
cutting rigidity over robot stiffness) versus repeat frequency (ratio of spindle frequency over the robot’s first natural frequency). Robotic 
machining is found to be far upper-right of the first stability lobe minimum, where system gain and repeat frequency are more than one order of 
magnitude larger than for conventional machining. The cyclic impacting dynamics of material removal in the operation under study is invoked 
to investigate instability in this region. A SDOF dynamic model for the robot is excited by an impact-cutting force and the stability of the 
simulated response is verified while increasing the cutting depth. The limit of stable impact cutting is thus determined for the process at typical 
rotational speeds, from which a stability boundary is plotted versus the repeat frequency. The boundary is found to be very close to the limit 
predicted using the traditional approach. It is concluded that the large gain is typical for robotic machining. The impacting dynamics of material 
removal due to robot compliance must be considered to understand such large gain values, never occurring in conventional machining. 
© 2014 The Authors. Published by Elsevier B.V. 
Selection and peer-review under responsibility of the International Scientific Committee of the 6th CIRP International Conference on High 
Performance Cutting. 
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1. Introduction 
Robots are emerging as an alternative to CNC machine tool 
holders to perform cutting operations on large parts, on 
complex shapes or in hard-to-reach areas. Though the 
potential of industrial robots for machining applications is 
being recognized in recent research work [1], few robots have 
reported success in the high-force task of metal removal due to 
the inherently low stiffness of their structure compared to rigid 
CNC machine tools. One success story in this area is the 
robotic grinding process developed at Hydro-Québec’s 
research institute (IREQ) for field repair and construction 
work on hydropower equipment [2].  
Nomenclature 
tc  damping coefficient of the robot structure (N s m)⋅
E  grinding wheel width (m)
NF  instantaneous normal grinding force (N)
G  dynamic compliance of the robot structure (m N)
h  depth of cut (m)
0h  desired depth of cut (m)
ek  edge force coefficient (N m)
ck  cutting force coefficient 2(N m )
tk  stiffness coefficient of the robot structure (N m)
pK  rigidity of the cut (N m)
l  lobe number 
tm  equivalent mass of the robot structure (kg)
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N  rotational frequency (Hz)
0R  radius of the grinding wheel (m)
t  time (s)
fdv  feed speed of the robot (m s)
Y  gain 
δ
 deflection (m)
Δ  wheel advance per revolution (m)
λ  overlapping factor 
ξ  damping ratio of the robot structure (%)
μ  friction coefficient 
cω  chatter frequency (rad s)
dω  robot’s first mode damped natural frequency (rad s)
nω  robot’s first mode natural frequency (rad s)
Ω  rotational frequency (rad s)
A 6-DOF robot manipulator called SCOMPI (Super 
COMPact Ireq) is used as the tool holding mechanism in this 
operation (see Figure 1). The portable lightweight ( 30≈ kg ) 
robot is track-mounted for maneuverability during material 
removal tasks. This robotic technology makes possible in situ 
profiling of large hydropower equipment without the need for 
dismantling parts. This has only been achieved at the cost of a 
compliant robotic tool holder that is even less rigid than the 
typical robot used for machining. 
Grinding is generally used as a finishing procedure with 
low material removal rates. The few success stories reported 
on robotic grinding, polishing and deburring like [3-7] are 
also low material removal operations aimed at generating 
glossy surfaces. However, the grinding tasks performed by 
SCOMPI are at a high material removal rate. A major hurdle 
in designing the process has been the significant vibratory 
response of the compliant robotic tool holder to the large 
cutting forces inside the cutting zone. The strategy of 
controlled material removal rate is employed in robot control 
rather than position control generally used for rigid machine 
tools with well-balanced trued grinding disks. The rate of 
material removal is estimated using a model based on the 
vibratory dynamics of the process. Numerous applications of 
the robot for precision profiling of industrial parts have 
proved that the robotic approach can deal with the significant 
vibrations inherent to the process provided stability of 
vibratory responses is guaranteed. 
Robotic cutting is progressing toward tighter tolerances on 
finished surfaces. Vibrational instability, always a factor 
limiting cutting performance, becomes of greater concern 
with tighter requirements. Severe chatter has been a problem 
reported ever since robots were first applied in machining 
processes. Robotic engineers expend considerable effort to 
find chatter-free setups. The extensive research on machining 
chatter has not yet focused on the emerging use of robot arms. 
However, as industrial robot manufacturers realize the 
potential of robotic machining, researchers have started to 
bridge this gap. An investigation in this area by [8] mainly 
focused on mode coupling chatter, overlooking instability due 
to the regeneration mechanism. 
This paper presents work investigating regenerative 
instability in a robotic grinding process. The conventional 
way of dealing with the problem of regenerative chatter, i.e., a 
stability chart, is first developed. Robotic cutting is found to 
be far upper-right of the first stability lobe minimum where 
system gain and repeat frequency are more than one order of 
magnitude larger than for conventional machining. The cyclic 
impacting dynamics of material removal (impact cutting) 
from earlier research is invoked to explain the large gain 
values that set the limit of stable cutting in this area of the 
stability chart. 
2. Stability chart for a compliant robotic tool holder
The stability lobe diagram has conventionally been used to 
portray regenerative chatter in material removal processes. In 
this section, a stability chart is developed for a cutting 
operation performed by a compliant robot arm. The SCOMPI 
robot is put in a configuration similar to that of a typical 
machining task. The damped natural frequency 4.8df = Hz
and damping ratio 3ξ = %  associated with the robot’s first 
vibratory mode are measured through impact testing on the 
robot’s end effector. The contribution of the robot’s first 
vibratory mode along surface normal is represented by a 
SDOF dynamic model as,  
( ) ( ) ( ) ( )t t t Nm t c t k t F tδ δ δ+ + =  (1) 
where 21tm = kg  is assumed to approximate the robot’s 
mass and proportional damping is considered as 2t t nc m ξω=
with the natural frequency obtained from 21d n= −ω ω ξ . The 
dynamic compliance for this lumped-parameter model 
representing the robot structure is written in the Laplace 
domain as, 
2
( ) 1( ) ( )N t t t
sG s
F s m s c s k
= =
+ +
δ
(2) 
The steady-state process is represented by a simple model for 
the normal cutting force assuming a continuous cut without 
loss of contact, 
N pF K h= (3) 
where pK  is the rigidity of the cut. The dynamic depth of cut, 
h , includes a desired value, 0h , plus a term to account for 
regeneration of surface waviness, 
[ ]0 ( ) ( )h h t T tλ δ δ= + − − (4) 
where ( )tδ  and ( )t Tδ −  are the displacements of the robot 
along surface normal in the current and previous cuts 
separated by one rotation, T  is the revolution period and λ  is 
the overlap factor. The interdependence between the process 
Fig. 1: Grinding with the 6-DOF track-based robot SCOMPI
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dynamics and structural dynamics of the robot is governed by 
equations (2), (3) and (4). It is very common in the research 
community to depict this interdependence through a feedback 
loop from control theory, as shown in Figure 2. A transfer 
function is then established as the ratio of the dynamic depth 
of cut over its desired value. The stability limit is formulated 
as described by [9], which gives a limiting value for the 
cutting rigidity at chatter frequency cω  as, 
,lim
1
2 Re( ( ))p c
K
G
−
=λ
ω
,  1
Re( ( ))2 2 tan
Im( ( ))
c
c
c
G
T l
G
−
§ ·
= − ¨ ¸© ¹
ω
ω π
ω
(5) 
where 0,1,2,...=l  is the lobe number. The stability chart in 
Figure 3 is generated using Equation (5) and plots 
nondimensionalized loop gain p tK kλ  (ratio of cutting 
rigidity over robot stiffness) versus repeat frequency nωΩ
(ratio of spindle frequency over the robot’s first natural 
frequency). Disk grinding with SCOMPI at operational 
angular speeds of 5000–6500 rpm is equivalent to 17–23 
repeat frequencies. The large limiting gain values of 30–60 at 
these frequencies never occur in conventional machining. In 
the existing literature about machining chatter, the problem of 
regenerative instability is discussed inside the “lobe zone” of 
the stability chart (see Figure 3). Though the two extremes of 
the lobes are discussed by [9], the region outside the lobe 
zone on the  chart is not investigated. Robotic cutting is 
located far upper-right of the first stability lobe minimum. In 
fact, the limiting gain for robotic cutting is more than one 
order of magnitude larger than for cutting performed by a 
CNC machine. This feature distinguishes the problem of 
regenerative instability for a robotic holder from a 
conventional machine tool.  
Unlike robot machining, in a CNC machining operation, 
the stiffness of the machine tool, tool holder, cutting tool and 
workpiece are all of about the same order of magnitude. This 
is confirmed by looking at the lobe zone of the chart where 
the ratio of cutting rigidity over holder stiffness is less than 
unity. The large gain values in the region where robotic 
cutting is located might initially be interpreted as an unlimited 
stable zone as compared to the well-known experience of 
CNC machining. It might be concluded that regeneration is 
not a likely cause of instability when using a robot for metal 
removal. 
The underlying dynamics of regenerative chatter in 
material removal is charted by the stability lobe diagram. 
Cutting with robots is located in a region on this diagram that 
is not investigated in available research work on conventional 
machining chatter. The objective of this paper is to understand 
whether the stable cutting zone under the stability borderline 
can be considered as extensive for the robotic grinding 
process under study. 
3. Impact-cutting material removal 
The steady vibratory dynamics of the cut is the basis for an 
investigation of self-excitations that result in unstable 
conditions. Generally, sinusoidal vibratory responses are 
assumed for the machine tool structure in response to the 
periodic cutting force in the operation. However, earlier 
research [10] found that in the process of grinding with 
SCOMPI, material removal is governed by cyclic impacting 
oscillations between the grinding disk and workpiece. This 
“impact-cutting” behavior in material removal is due to high 
compliance of the robot arm compared to cutting rigidity. The 
measured instantaneous rotational frequency of the spindle, 
vibrations and high-speed video images of the operation 
confirm the existence of such vibro-impact dynamics in the 
process. Numerical simulation of the metal removal process 
using a dynamic model also substantiated the experimental 
observations. Grinding is thus performed through discrete 
cutting events in revolution periods.  
Both theoretical and experimental investigations revealed 
that the impacting oscillations of the process occur mainly 
once per spindle revolution. An impact-cutting dynamic force 
model is established [11] that formulates the impulsive cutting 
force during the discrete cutting events. The case of grinding 
with a disk is shown in Figure 4a. The robot holds the 
grinding disk perpendicular to the surface and moves along 
the feed direction to perform traverse grinding on the 
workpiece. The impulsive grinding force at the spindle’s 
rotational frequency is formulated in this case as,
( )3 20
0
1( , ) 1 ( )
22
fd
N e c
v R ttF t h k E k h g t
Nh Rμ
ª º§ · § ·ΩΩ« »¨ ¸ ¨ ¸
= − + − Ω« »¨ ¸ ¨ ¸¨ ¸« »© ¹© ¹¬ ¼
(6) 
where t  is time, h  is the dynamic depth of cut, μ  is the 
friction coefficient that defines the ratio of tangential to 
normal grinding force, E  is grinding wheel width, Ω  and N
are spindle rotational speed in rad s  and Hz , 0R  is grinding 
wheel radius and fdv  is robot feed speed. ek  is the coefficient 
of edge force that accounts for the friction in the contact 
surface and ck  is the coefficient of cutting force that accounts 
for shearing of material to form the chip. The edge and cutting 
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force coefficients were determined experimentally. The 
tangential impulsive cutting force was averaged over the 
revolution period and grinding power consumption per 
rotation was then formulated. Calculated values of grinding 
power were then correlated to the values measured during 
long-run grinding tests. The tests were performed for the 
wheel-workpiece pair of interest and involved removing 
multiple layers of material from the workpiece surface. 
Through an optimization procedure, the edge and cutting 
force coefficients were determined to be 148ek = kN m and 
35910 10= ×ck 2kN m for a hot-rolled ASTM A-36 
workpiece and Type 27 NORZON III grinding wheels. Figure 
4.c depicts the impulsive normal cutting force and the 
stabilized vibratory response to impact-cutting excitation. 
Material removal is only performed during the small portion 
(< 5 %) of revolution periods when the wheel touches the 
surface and a cutting impact occurs.  
4. Regenerative impact-cutting material removal 
4.1. Unstable impact cutting 
Similar to the discrete cutting events performed by the 
flutes of a milling tool, the overlap of cutting impacts also 
causes regenerative self-excitation as illustrated in Figure 5.a. 
Two consecutive positions of the grinding wheel in two 
successive cutting impacts (i-1) and (i) are shown from the 
view of Section A-A in Figure 4.b. The dynamic depth of cut 
is given by Equation (4). The overlap factor, λ , is the ratio of 
the overlapping distance for two successive impacts over the 
wheel width. It is a function of the tool’s advance per 
revolution, fdv NΔ = , and wheel width, E , expressed as, 
1 1 fd
v
E EN
λ Δ= − = −
 (7) 
The SDOF dynamic model of the process represented in 
Equation (1) and shown schematically in Figure 4.b is 
considered with an empirical set of parameters ( 6.6nf = Hz , 
17.2tk = kN m , 0.1=ξ % , 6000Ω = rpm , 0 115R = mm ,
6.8E = mm , 80fdv = mm s  and 0.33μ = ). The dynamic 
depth of cut, which includes the effect of surface regeneration 
(see Equation (4)), is incorporated into the impact-cutting 
model for normal cutting force NF  in Equation (6). The 
response to regenerative impact-cutting excitation is obtained 
through numerical integration of the dynamic equation of 
motion for increasing values of the desired cutting depth in 
the range of 0 0.05h = mm to 0 0.3h = mm. As can be seen in 
Figure 5.b, for small values of 0h , the response shows that the 
cutting operation is stable, the cutting impacts stay regular 
and a uniform depth of material is removed from the surface. 
By increasing the desired depth of cut, the impact forces grow 
in a regenerative manner and the response becomes divergent. 
At the limit of stable responses in Figure 5.b impacts start 
becoming irregular. Eventually, cutting through impacts 
becomes impossible for higher 0h  values. 
4.2. Boundary of stable impact-cutting material removal 
The divergent impact-cutting response shown in Figure 5.b 
for 0 0.3h = mm never occurs in practice. Real grinding 
exercises with the robot remain far from such a response. A 
realistic divergence criterion was therefore defined, which 
better fit the practice of robotic grinding with SCOMPI. The 
criterion is based on the standard deviation stdδ  of the time 
domain response to impact-cutting excitation. stdδ  reflects the 
nonlinear response amplitude, including all frequency 
components (super- and sub-harmonics) rather than a single 
frequency component corresponding to the excitation 
frequency. The boundary of stability is identified at each 
spindle speed by increasing the desired depth of cut 0h  and 
verifying the simulated time domain response of the dynamic 
equation of motion for 0.3std <δ mm. The parameters used 
in the numerical simulations together with the results are 
shown in Figure 6. The boundary indicates the depths of cut 
up to which grinding through a permanent regime of 
impacting remains possible. This analysis clearly shows that 
regenerative self-excitation limits the scope of stable impact 
Fig. 4: Impact-cutting material removal in robotic grinding with SCOMPI
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cutting and that the limiting values of cutting depth ( 1< mm) 
are very small. These values are very close to those found in 
practice when grinding with SCOMPI. In the following 
section, the boundary of stable operation from numerical 
simulation of impact-cutting material removal is compared to 
the limit set by the conventional stability lobe diagram for 
metal removal with a robot. 
4.3. Linearized impact-cutting model 
Since cutting with a robot is located in an area on the 
stability chart where very large gain values, never occurring 
in CNC machining, set the limit of stable operation (see 
Section 2), the question is raised as to whether regenerative 
self-excitation could be a likely cause for instability in robotic 
cutting. This section gives a simple tentative answer to that 
question by comparing the large gain values to the boundary 
set by numerical simulation of impact-cutting material 
removal. 
It must be emphasized that this investigation is not 
primarily a matter of determining numerical values for the 
limit of stable cutting. Stability lobes provide practical  
rule-of-thumb guidelines for machinists to set up a  
chatter-free task. They are a handy tool to deal with the 
nontrivial challenge of chatter in cutting. The lobed, tangent 
and asymptotic borderlines on such stability charts are, in that 
order, more important from the practical point of view [12]. 
Researchers deal with the lobed borderline because they are 
interested in exploring the physics of regenerative self-
excitation. However, considering the location of conventional 
machining on the stability chart, the difference between the 
stability limit set by the asymptotic and lobed borderlines is 
less than one order of magnitude. That is why it may be 
preferable in practice to use the asymptotic borderline even 
though productivity is sacrificed. This is how machinists 
normally use stability charts unless maximum material 
removal rate is crucial. Considering the location of robotic 
cutting on these charts, robot machinists may ignore this 
practice. Selecting cutting parameters below the asymptotic 
borderline seems to result in tremendous loss of productivity. 
On the other hand, if robot machining is done close to the 
lobed borderline based on the conventional stability lobe 
diagram, values for the cutting parameter are unusually large. 
Numerical simulations of the impact-cutting operation in the 
previous section, however, predicted reasonable values for the 
stable limit of grinding with a compliant robot. A linearized 
impact-cutting model is used in this section to compare the 
limits of stable cutting predicted in the previous section with 
the limit set by the conventional stability lobe diagram. The 
impact-cutting force in Equation (6) is averaged over one 
complete rotation of the wheel.  
0 0
1 1 3 4 2( ) ( , )
2 32
T fd
N N e c
vhF h F t h k E k h
T R Nπμ
§ ·
= = +¨ ¸¨ ¸© ¹³ (8) 
Using the average normal cutting force means that the cut 
is assumed to be continuous over all angular positions around 
the wheel’s circumference. However, this linearization does 
not ignore completely the impacting nature of the process. 
The excitation energy that is input to the holding mechanism 
in this average-force model is equivalent to that from a cutting 
impact which occurs during a very small portion of the 
vibration cycle. An equivalent rigidity of the cut can then be 
formulated with this linearized model. 
0
0
0 0
( ) 1 1 3 2 2
2 2 2
fdN
p e c
h h
vF h
K k E k h
h h R Nπμ
=
§ ·∂
= = +¨ ¸¨ ¸∂ © ¹ (9) 
The rigidity of an impact-cutting operation that removes 
depth of material 0h  is therefore formulated as a function of 
task parameters. The boundary of stable impact cutting can 
thus be compared to values predicted by the conventional 
stability lobe diagram. The results presented in Figure 6 for 
100fdv = mm s  were again simulated, with an extra step 
added to the procedure. Limiting values of depth of cut 0,limh
found from numeric simulations, were converted into 
equivalent cutting rigidity 
,limpK  using Equation (9). System 
gain ( p tK kλ ) was then compared to predicted values from 
the stability lobe diagram as shown in Figure 7. The focus of 
existing literature on machining chatter is primarily within the 
lobe zone of the stability chart since conventional machine 
tools provide rigid tool holders with a stiffness of the same 
order of magnitude as the rigidity of the cut. Equivalently 
stated, a gain of 1p tK kλ ≤  is typical in conventional 
machining. Using a robotic tool holder, the area of study is 
outside the lobe zone far upper-right of the first stability lobe 
minimum where only large gain values could result in 
unstable conditions during the cutting process. The underlying 
dynamics correlated to this area will be further explored as 
research on machining chatter focuses on the use of robot 
arms. Robot machinists can then make more conclusive 
judgments about the characteristics of regenerative chatter 
vibrations in their task such as chatter frequency and the onset 
of instability. The results summarized in Figure 7 prove that 
the predicted high gain values in this newly experienced 
region on the stability chart are plausible for a compliant 
robot that performs grinding. The boundary of stable cutting 
predicted from numerical simulation of impact cutting is 
found to be close to the limit predicted by the stability lobe 
diagram. This suggests that the application under study is 
subject to regenerative chatter instability. 
5. Discussion and future work 
The large limiting values for gain, which far exceed those 
in conventional machining, are found typical for machining 
with a compliant robot arm based on the obtained results. 
Experiments are carried out to substantiate the conclusions 
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made about the underlying dynamics of regenerative chatter 
in the robotic cutting process under study. A series of 
single-pass robotic grinding tests are designed, some in the 
stable zone of the stability chart and others in the unstable 
zone. The objective is to demonstrate the existence of 
regenerative chatter during a robotic cutting process and to 
validate the limit set by the analytical stability lobe and 
numerical simulation of impact cutting. The experimental 
investigation includes validation of the impacting dynamics of 
material removal through measurements of vibrations, 
instantaneous rotational frequency and the ground surface 
profile. In a future presentation of the research, it will be 
demonstrated in details that the regular impacting regime of 
metal removal is lost for the experiments located inside the 
unstable zone. Four of the experiments, i.e., Experiments (a)-
(d) are shown on the stability chart presented in Figure 7. 
Photographs of the ground surface in this figure show its 
deterioration for the experiments located inside the unstable 
region. Stability lobe diagrams are used for dealing with the 
nontrivial regenerative chatter problem. This study extends 
such diagram to an unexplored area where cutting with a 
compliant robot is located. 
6. Conclusion 
In this paper, the problem of regenerative chatter for a robotic 
cutting process was portrayed with the goal as to understand 
the underlying dynamics of regenerative chatter vibrations in 
the process. Cutting with a robot is found to be located 
outside the “lobe zone”, far upper-right of the first stability 
lobe minimum on the stability chart, where system gain is 
more than one order of magnitude larger than for conventional 
machining. The large limiting gain values in this area can be 
explained by the cyclic impacting dynamics of material 
removal caused by the robot’s compliance. The boundary of 
stable “impact-cutting” material removal is obtained with 
respect to the limiting cutting depths. System gain at these 
limiting cutting depths is calculated. The boundary could thus 
be compared to the borderline set by the conventional stability 
lobe diagram. The two were found to be close. It is thus 
concluded that the large limiting gain values for cutting with a 
compliant robot can be explained by the impacting dynamics 
of material removal. The research can be continued through 
characterization of regenerative vibro-impact dynamics in the 
cutting process. Experimental investigation of vibratory 
signatures or multi-degree-of-freedom analysis are possible 
approaches for further understanding of the root causes for 
chattering behavior. Based on appropriate knowledge of 
instability, chatter conditions can be avoided and tighter 
tolerances achieved on the finished surface. 
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Fig. 7: Regenerative instability of impact-cutting material removal 
